The ability to study proteins in live cells using genetically encoded fluorescent proteins (FPs) has revolutionized cell biology (1-3). Researchers have created numerous FP biosensors and optimized FPs for specific organisms and subcellular environments in a rainbow of colors (4,5). However, expressing FPs in oxidizing environments such as the eukaryotic endoplasmic reticulum (ER) or the bacterial periplasm can impair folding, thereby preventing fluorescence (6,7). A substantial fraction of enhanced green fluorescent protein (EGFP) oligomerizes to form non-fluorescent mixed disulfides in the ER (6) and EGFP does not fluoresce in the periplasm when targeted via the SecYEG translocon (7). To overcome these obstacles, we exploited the highly efficient folding capability of superfolder GFP (sfGFP) (8). Here, we report sfGFP does not form disulfide-linked oligomers in the ER and maltosebinding protein (MBP) signal sequence (peri)-sfGFP (9) is brightly fluorescent in the periplasm of Escherichia coli. Thus, sfGFP represents an important research tool for studying resident proteins of oxidizing environments.
When properly implemented (10) , FPs are a valuable asset to many experimental systems. However, the unintended and unknown effects of using suboptimal FPs represent a significant caveat for FP experiments. For example, EGFP can form weak non-covalent dimers. When fused to integral membrane proteins and overexpressed, the dimeric tendency of EGFP leads to inappropriate interactions, resulting in false-positive fluorescence resonance energy transfer (FRET) signals (11) and dysmorphic organelles (12) . A single-point mutation, A206K, can prevent dimerization and resolved these issues.
Similarly, it has been reported that EGFP can form covalent oligomers via interchain disulfide bonds in the oxidizing environment of the secretory pathway in endocrine cells (6, 13, 14) . The structure of correctly folded green fluorescent protein (GFP) consists of an internal fluorophore surrounded by a tight β-barrel and does not require cellular chaperones for folding (3, 15) . GFP contains two cysteine residues, C49 and C71, which are both located in the interior of the barrel and flank the chromophore (Ser65-Tyr66-Gly67). As endogenous GFP is a cytoplasmic protein, disulfide bond formation cannot adversely affect GFP formation in jellyfish. However, when GFP is expressed in oxidizing environments (i.e. the ER lumen or the periplasm of gram-negative bacteria), C49 and C71 are exposed during folding and can potentially bind other folding GFP molecules or cysteine-containing proteins to form mixed disulfides. To form a fluorophore and produce a fluorescent signal, GFP must form and maintain the tight β-barrel structure (15) . The cysteines are separated by 2.4 nm, too far apart to form an intramolecular disulfide bond (3) . Therefore, intermolecular disulfide-bonded EGFP must be inherently misfolded and thus, non-fluorescent. While GFP can clearly fold and form fluorescent molecules in the ER (16) (17) (18) , anti-GFP immunoblots of non-reducing SDS-PAGE gels reveal up to 50% of total ER-GFP is incorporated into disulfide-bonded oligomers (6) . Such effects confound quantitation of total levels of GFP in the secretory pathway (19) . To minimize perturbation of the secretory pathway, maximize fluorescent GFP signal and maintain functionality of FPfusion secretory proteins, errant disulfide-bond formation must be addressed.
As inappropriate disulfide-bond formation must be occurring during nascent GFP folding in the ER, we hypothesized that a rapidly folding and robustly stable mutant of EGFP could potentially fold before disulfide bonds can form. SfGFP has both of these properties (8) . However, sfGFP also contains the C49 and C71 cysteines (at positions C48 and C72, respectively). To test the hypothesis that sfGFP would remain truly monomeric in the ER, we replaced mGFP with sfGFP in our previously described fluorescent ER marker, ER-mGFP (20) , which contains a prolactin signal sequence and a KDEL-retrieval motif (known from here on as ER-sfGFP) ( Figure 1A ). We expressed both ER markers in human osteosarcoma epithelial (U2OS) cells, noting ER-sfGFP is significantly brighter than ER-mGFP ( Figure 1B) , treated the cells with N-ethylmaleimide (NEM) and collected the cell www.traffic.dk 543 lysates in SDS-PAGE buffer with or without DTT. We immunoblotted the samples with anti-GFP and detected both the ER-mGFP and ER-sfGFP reduced samples as single bands at 27 kDa as expected. The non-reduced ERmGFP resembled a protein ladder with bands ranging from 27 kDa to greater than 250 kDa. As reported in Jain et al., this is consistent with the presence of oligomeric-mixed disulfides of ER-mGFP (6) . In contrast, even at longer exposures, the non-reduced ER-sfGFP only produced a single 27-kDa band ( Figure 1C ). The misfolded, and thus non-fluorescent, mixed-disulfide GFP oligomers are likely oligomerizing fusion protein as well. This result signifies a fundamental shift toward using sfGFP, rather mGFP for the creation of secretory fusion proteins, is necessary for markers and fusion proteins localized to the secretory pathway.
We hypothesized sfGFP might also fold robustly enough to fold and fluoresce in the highly oxidizing periplasm of gram-negative bacteria when targeted cotranslationally via the bacterial Sec61 homolog, the SecYEG translocon. The formation of disulfide-bonded GFP oligomers is not easily observed in the periplasm of gram-negative bacteria and has remained unreported to date. However, structural disulfide folding intermediates have been detected at the site of translocation and indicate the presence of cysteine residues not only affects the folding reaction but also the type of translocation used as well (postor cotranslational) (21) . The presence of cysteines in FPs is strongly implicated in the complete absence of EGFP fluorescence following SecYEG translocation (7) . In support of this hypothesis, mCherry, which does not contain any cysteine residues, correctly folds and fluoresces in the periplasm (22) . Cytoplasmic membrane proteins are targeted to the SecYEG translocon via the signal recognition particle (SRP) and then cotranslationally translocated. The vast majority of periplasmic proteins are post-translationally targeted to and translocated through the SecYEG translocon, dependent on either SRP or SecA/B (23). For both pathways, proteins are maintained in an unfolded state by cytoplasmic chaperones, threaded through the translocon and then fold in the periplasm (24) . Alternatively, a protein targeted to the periplasm, via the twin-arginine translocation (Tat) system, can first fold in the cytoplasm and translocate in a folded state into the periplasm (25) . Proteins targeted using this pathway employ an −RR motif rather than an N-terminal signal sequence for localization. Although EGFP did not fluoresce when targeted to the periplasm via the SecYEG pathway (7), Thomas et al. showed an EGFPfusion protein, TorA-GFP, could be exported to the periplasm by the Tat pathway in a fully active state and remain fluorescent (25) . More recently, Cava et al. used a PhoA-sfGFP construct to show sfGFP-fusion proteins fluoresce in the periplasm when targeted via the Tat system, in Thermus thermophilus (26) . A) The ER-mGFP construct was created for expression in mammalian cells to fluorescently label the ER and has been previously described (20) . To make ER-sfGFP we replaced mGFP with sfGFP while all other elements of the constructs remain identical. B) In the epifluorescent micrographs of fields of U2OS cells at 20× or 63× (color) magnification expressing either ER-mGFP at 500 milliseconds or 1 second, or ER-sfGFP at 100-millisecond or 500-millisecond exposures, we show ER-sfGFP is much brighter than mGFP in the ER and can be visualized at much lower exposures. Scale bars are 10 μm. C) We evaluated the tendencies of the constructs to form mixed disulfide complexes in the ER by western blot analysis. Both samples were treated with 20 mM NEM for 15 min and collected in either reducing (100 mM DTT) or non-reducing conditions. The data show ER-mGFP forms many disulfide complexes of varying sizes up to a few hundred kilodaltons, whereas ER-sfGFP does not form any mixed disulfides. None are detectable even at longer exposures.
expression construct, which accumulated primarily in the cytoplasm and remained inactive in the periplasm (27) . The authors concluded sfGFP, like EGFP, was unsuitable for periplasmic fluorescence applications when targeted via the SecYEG translocon. However, Lee and Bernstein described an MBP signal sequence (MBP*1), which contains three amino acid mutations, optimized for efficient cotranslational translocation across the E. coli inner membrane (28) . We exploited this optimized signal sequence to construct our periplasmic (peri)-sfGFP, perimGFP, peri-mCherry and cytoplasmic (cyt)-sfGFP and cyt-mCherry without a signal sequence, to differentiate between the localization patterns of the cytoplasm and periplasm of bacteria (Figure 2A ).
When expressed in E. coli, cyt-sfGFP and cyt-mCherry correctly localized to the cytoplasm of transformed E. coli. The positive control peri-mCherry fluoresced in a characteristic periplasmic ring pattern ( Figure 2B ), whereas the negative control peri-mGFP did not fluoresce ( Figure 2C ). Significantly, our peri-sfGFP was brightly fluorescent in the periplasm ( Figure 2B ). The use of the more efficient signal sequence in combination with sfGFP, rather than mGFP, is sufficient for SecYEG pathway-targeted formation of A) The periplasmic mGFP, mCherry and sfGFP bacterial expression constructs contain an optimized MBP signal sequence and the cytoplasmic sfGFP and mCherry constructs do not. B) The epifluorescent micrographs (63×) of E. coli expressing peri-mCherry (750 milliseconds), cyt-mCherry (12 milliseconds), cyt-sfGFP (100 milliseconds) or peri-sfGFP (500 milliseconds) indicate peri-sfGFP localized to the periplasm and is much brighter than peri-mCherry. C) GFP in peri-mGFP is not fluorescent (2-second exposure) in either the periplasm or the cytoplasm. However, it is made and accumulates in the cytoplasm similar to the reports by others (27) . Scale bars are 10 μm. D) Each of our constructs is present in the expected E. coli fractions, except for peri-mGFP, which is only detected by immunoblot in the cytoplasm. A doublet is observed for the periplasmic sfGFP, which may represent an alternative signal peptidase cleavage site ( Figure S1B ). We used anti-GroEL and anti-β-lactamase to label the cytoplasmic and periplasmic fractions, respectively. E) Fluorimetric measurements of the periplasmic and cytoplasmic fractions of peri-sfGFP expressing E. coli. The majority of fluorescence activity was in the periplasmic fraction of peri-sfGFP, as denoted by the much higher peak at approximately 510 nm. Similar results were obtained for periplasmic mCherry ( Figure S1A ). fluorescent green fluorophore in the periplasm, which is visible even at modest camera exposures of 500 milliseconds. In contrast, peri-mGFP fluorescence cannot be detected even at camera exposures up to 2 seconds. Anti-GFP immunofluorescence of peri-mGFP confirmed the protein is, indeed, expressed in bacteria ( Figure 2C ). Thus, while an improved signal sequence can enable correct targeting and folding of sfGFP, it is not sufficient to rescue folding of mGFP ( Figure 2C) . Notably, Fisher and DeLisa (27) similarly observed the failure of an EGFP variant containing the cycle 3 mutations to target to the periplasm or fluoresce.
We confirmed the localization of each construct by biochemical fractionation of the transformed E. coli followed by immunoblotting of SDS-PAGE separated fractions. Fractions were probed with anti-GroEL and anti-β-lactamase to label the cytoplasmic and periplasmic fractions, respectively. While cyt-sfGFP is detectable using anti-GFP in the cytoplasmic fraction as indicated by the presence of GroEL and the peri-sfGFP is labeled in the periplasmic fraction as marked by the β-lactamase ( Figure 2D ). To further verify active fluorescence in the periplasm of peri-sfGFP-expressing E. coli, we measured the fractions using a fluorimeter and determined the majority of fluorescence activity was in the periplasmic fraction of peri-sfGFP ( Figure 2E) . Surprisingly, nonfluorescent peri-mGFP is only detected in the cytoplasmic fraction, but not in the periplasmic fraction ( Figure 2D ). Tian and Bernstein reported basic amino acids at the beginning of the mature domain of secretory proteins could impair cotranslational translocation of the protein (29) .
Our findings provide potential insights into the folding mechanisms differentiating EGFP and sfGFP in oxidizing environments. First, EGFP must be forming interchain disulfides before the β barrel forms. Therefore, sfGFP must form its β barrel or at least a protective or steric part of the barrel much faster than EGFP. Interestingly, two of the sfGFP mutations occur before either of the cysteines (S30R and Y39N). The crystal structure of sfGFP revealed these two mutations alter the conformations of the first three β-strands and provide the greatest improvement to sfGFP folding robustness (8) . We hypothesize the folding of the first three β-strands is critical for GFP folding as it emerges from a translocation channel. It remains unclear whether sfGFP could correctly fold and fluoresce in an in vitro oxidizing environment (15) .
Our characterization of sfGFP provides the first green, actively fluorescent, SecYEG-translocated FP for the bacterial periplasm. In addition, sfGFP can be mutated to create cyan and yellow variants to dramatically expand the palette of FPs available for periplasmic and ER studies (8) .
The ability of sfGFP to circumvent disulfide-bond formation in the ER establishes sfGFP and its chromatic variants as the essential GFP standard for studies of secretory proteins in cells.
Materials and Methods

Plasmid constructions Mammalian primers and constructs
ER-mGFP was constructed by fusing the bovine prolactin signal sequence and the amino acid following the signal cleavage site into our vector based on the Clontech N1-GFP backbone. The construct was modified by polymerase chain reaction (PCR) to append a KDEL sequence at the −COOH terminus for localization of mGFP to the ER. ER-mGFP has been previously described (20) . ER-sfGFP was constructed by swapping out mGFP KDEL with sfGFP KDEL (made with primers identical to those used for mGFP KDEL) with Age/Not1. All constructs were confirmed by sequencing. For periplasmic localization, the maltose-binding protein (MBP*1) signal sequence was cloned by PCR from the previously described vector, Pgk(-2) (29) (a generous gift from Dr Harris Bernstein, National Institutes of Health). The MBP signal sequence fragment was inserted into Clontech pEcoli-Cterm 6xHN vector via NcoI/EcoRI restriction sites to create our peri-pEcoli-Cterm 6xHN vector. The mGFP and sfGFP fragments were isolated by PCR and inserted into peri-pEcoli-Cterm 6xHN vector with EcoRI/PstI restriction sites. After the removal, an internal PstI site by standard site-directed mutagenesis, the mCherry fragment, was cloned into our peri-pEcoli-Cterm 6xHN vector using the same strategy. To create cytoplasmic-localized FPs, mGFP and sfGFP were cloned into pEcoli-Cterm 6xHN with NcoI/PstI restriction sites.
Bacterial primers and constructs
Mammalian tissue culture
U2OS cells were grown in RPMI lacking phenol red with 5 mM L-glutamine, 10% heat-inactivated fetal bovine serum at 37
• C in 5% CO 2 . Cells were plated evenly in Lab-Tek-chambered coverglass slides (Thermo) for live imaging.
Bacterial immunofluorescence
BL21-RP (a gift from Jeff Chao, Albert Einstein College of Medicine) bacterial cell cultures were transformed using a standard heat shock protocol. Antibiotic selection was maintained on plates and in cultures using 100 μg/mL ampicillin and 20 μg/mL chloramphenicol. Cultures of the transformed bacteria were grown at 37
• C with shaking overnight.
Overnight cultures were diluted 20-fold in SOC media for 2 h at 37
• C and induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 1 h. For immunofluorescence, cultures were spun down in a microfuge at maximum speed for 1 min, washed once with PBS and fixed in 3.7% formaldehyde for 1-2 h on ice. They were washed once with PBS and then pelleted and resuspended in 50 mM Glucose, 25 mM Tris pH 8.0, 10 mM EDTA (GTE). We permeabilized the membrane with 1 μg/mL of lysozyme in GTE for 5 min at room temperature. Cells were pelleted as above, resuspended in fresh GTE, smeared onto preprepared glass coverslips and let dry. The coverslips of cells were blocked with 1% BSA for 30 min in a humid chamber. Anti-GFP (a gift from Ramanujan S. Hegde) was diluted 1:1000 in 1% BSA and incubated at room temperature for 1 h in a humid chamber after which the coverslips were washed 10× with PBS. Alexa 555-conjugated anti-rabbit immunoglobulin G (IgG) secondary antibody (Molecular Probes) was diluted 1:2000 in 1% BSA and incubated at room temperature for 1 h in a humid chamber. The coverslips were again washed 10× with PBS and mounted onto slides.
Fluorescence microscopy
U2OS cells were imaged in phenol red-free RPMI supplemented with 10 mM HEPES, 5 mM glutamine and 10% fetal bovine serum. Live and fixed cells were imaged on a wide-field microscope (Axiovert 200; Carl Zeiss MicroImaging Inc.) with either 20× objective or a 63×/1.4 numerical aperture (NA) oil objective and a 450-490-nm excitation/500-550-nm emission bandpass filter using a Retiga 2000R camera. Composite figures were prepared using IMAGEJ (NIH), Photoshop CS4 and ILLUSTRATOR CS4 software (Adobe).
Bacterial fractionations and fluorimetry
Transformed BL21-RP overnight cultures were prepared as before and used to inoculate 50-mL cultures with added drugs and 1 mM IPTG for 4-5 h to a mid-exponential phase with a starting optical density (OD) 600 of ∼0.1. Cells were pelleted at 4000 × g for 10 min at 4
• C, resuspended in 7.5 mL TES and incubated at room temperature for 10 min. Cells were pelleted as before and resuspended in 2-mL ice-cold 5 mM MgSO 4 and incubated for 20 min to generate spheroplasts. We pelleted the cells, collected the supernatant as the periplasmic fraction and resuspended the spheroplasts in 2-mL ice-cold 5 mM MgSO 4 and sonicated 5 × 20-second 5-mm amplitude bursts. The lysates were then centrifuged at 10 000 × g for 5 min at 4
• C, the supernatant was collected as the cytoplasmic fraction and a final concentration of 10 mM Tris pH 8.0 was added to all fractions for storage at −20 • C (25).
To quantitate active fluorescence, we measured periplasmic and cytoplasmic fractions in 5 mM MgSO 4 on a Fluorolog spectrofluorometer (Horiba Jobin Yvon). We subtracted the background signal with a blank measurement of 5 mM MgSO 4 and plotted the calibrated and backgroundsubtracted fluorescence signal.
Immunoblots
Total mammalian cell lysates for immunoblotting were prepared in SDS-PAGE buffer with 100 mM DTT (reducing conditions) or no DTT (nonreducing conditions) using cells in 24-well plates at 80-90% confluence.
For the reducing and non-reducing immunoblots, cells were first treated with 20 mM NEM in PBS for 15 min at room temperature. Bacterial cell lysates were diluted with reducing SDS-PAGE buffer containing 100 mM DTT. Approximations of equal loading of the bacterial fractions were determined by densitometric measurements of bands on pilot immunoblots. Proteins were separated using either 5 or 12% Tristricine gels, transferred to nitrocellulose, probed with the indicated antibodies and developed using enhanced chemiluminescent reagents from Pierce and exposed to X-ray film. Antibodies used included anti-GFP (a gift from Ramanujan S. Hegde), anti-GroEL, anti-β-lactamase (Abcam) and horseradish peroxidase-labeled anti-rabbit and anti-mouse (Jackson Immunoresearch Laboratories).
